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^ (57) Abstract: This invention relates to optical fibres, fibre lasers, fibre laser arrays and sensor systems comprising fibre laser arrays. 

O Conventional fibre laser sensor arrangements comprise a plurality of fibre lasers arranged in series along a length of optical fibre. A 

O pump light source is located a one end of the fibre and supplies pump light energy to each of the fibre lasers in turn. Such sensor 

^ systems experience a number of disadvantages. Firstly, there is an uneven distribution of pump power along the length of the fibre 

Q which effectively limits the number of laser devices that can successfully be incorporated into the optical fibre array. Secondly, the 

^ manner in which existing sensor systems are constructed often results in back reflections, optical losses and mechanical weaknesses. 
The present invention provides a fibre laser which mitigates the above problems with fibre laser sensor arrays. 
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This invention relates to optical fibres, fibre lasers, fibre laser arrays and sensor systems 
comprising fibre laser arrays. 



Optical fibre are fabricated from fine fibres of glass. They consist of a glass fibre core 
surrounded by a glass "optical cladding" layer. They make use of Total Internal 
Reflection (TIR) to confine light within the fibre core. 

10 Fibre lasers comprise a Bragg grating structure embedded in a region of optical fibre 
doped with a rare earth element, such as Erbium or a combination of Erbium and 
Ytterbium. The gratings act as mirrors for the lasing volume (the doped area of the fibre) 
and the lasing wavelength is defined by the grating pitch. Such fibre lasers are often 
used in sensing applications. 



Fibre lasers generally take one of two forms. The first comprises the two Bragg gratings 
having merely a quarter wavelength change in phase separating them, this is called a 
DFB (Distributed Feed Back) fibre laser. The second comprises the two Bragg gratings 
at a distance from each other with the cavity therebetween, this is called a DBR 
20 (Distributed Bragg Reflector) fibre laser. 

Generally, the DFB fibre laser is considered to be optically more stable than the DBR 
device. Furthermore, it is currently being produced commercially so that the price of this 
device is expected to reduce significantly in the future. 



WO 94/17366 describes a conventional fibre laser sensor arrangement wherein a 
plurality of fibre lasers are arranged in series along a length of optical fibre. A pump light 
source is located a one end of the fibre and supplies pump light energy to each of the 
fibre lasers in turn. The lasers each lase at slightly different wavelengths and are 
30 susceptible to perturbations acting on the fibre. The perturbations cause the wavelength 
of the lasers to shift slightly and these changes are analysed by a spectrum analyser 
located at one of the ends of the fibre. 



Sensor systems such as the' one described above experience a number of 
35 disadvantages. Firstly, there is an uneven distribution of pump power along the length of 
the fibre and consequently lasers closer to the pump source receive more power than 
lasers which are further away. This drop off in available pump power effectively limits the 
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number of laser devices that can successfully be incorporated into the optical 
fibre array. Various methods for ensuring a more even distribution of pump power are 
known, for example through changes in the dopant concentration in the active laser 
cavity or, by the design of the laser cavity, but result in cost implications and also ■ 
5 generally impact upon sensor performance. 

Increasing the available pump power is only effective up to a certain level since higher 
pump powers result in large temperature gradients across individual laser elements 
within the sensor. Again, this has an impact on sensor performance. 

10 

Secondly, the manner in which existing sensor systems are constructed often results in 
back reflections, optical losses and mechanical weaknesses. Any doped areas of the 
fibre will absorb pump energy. Therefore in order to maximise the efficiency of the sensor 
the system is constructed by splicing individual doped fibre elements into an undoped 
15 optical fibre. Although this means that pump energy is only absorbed in the laser 
elements it does have the drawback of being a time consuming fabrication process which 
also gives rise to optical losses and back reflections within the array that can impact 
upon the stability of the fibre laser devices. Furthermore, the discontinuous nature of the 
array gives rise to mechanical weaknesses. 

20 

It is therefore an object of the present invention to provide a fibre laser which mitigates 
the above problems with fibre laser sensor arrays. 

Accordingly, this invention provides an optical fibre comprising a first fibre core, the core 
being doped and having at least one fibre laser, the at least one laser comprising a pair 
of reflection gratings embedded in the first fibre core to form a lasing volume and a 
second undoped fibre core separated from the first fibre core by cladding material of the 
optical fibre wherein the second fibre core is optically coupled to the lasing volume of 
each of the at least one fibre laser in the first fibre core. 

The invention provides an optical fibre having two separate fibre cores. Fibre lasers are 
contained within the first core which is doped along its entire length. A second fibre core 
is provided and is optically coupled to the lasing volume of each laser in the first core. In 
use pump light from a pump source is transmitted down the second fibre core (the "pump 
core") and is consequently coupled into the lasing regions in the first fibre core. 
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The reflection gratings will generally be Bragg gratings although the skilled man will 
appreciate that any suitable narrow band reflective grating may be used. 

In an optical sensor system based on an optical fibre according to the invention any 
5 number of fibre lasers could be incorporated into the first fibre core. However, for 
applications such as remote sensing arrays a plurality of fibre lasers are likely to be 
used. 

The amount of optical coupling can be controlled between the two fibre cores and so a 
10 more even distribution of pump power can be obtained. Furthermore, since the pump 
light is supplied via a separate fibre core the fibre containing the fibre lasers can be 
doped along its length. This in turn means that the optical fibre can be fabricated as one 
single structure. No splicing is necessary and consequently there are no issues of 
reduced mechanical strength, optical losses, or back reflections as associated with the 
15 prior art arrangements. 

The optical coupling between the fibre cores can be achieved either by bringing them 
into close physical proximity or by incorporating long period gratings (LPGs) into the 
pump core. Conveniently, if the optical coupling is achieved by LPGs then the amount 
20 and wavelength of the pump light coupled into each of the fibre lasers can be controlled. 

Conveniently, extra reflection gratings can enclose each of the fibre lasers. The gratings 
can be designed such that they reflect any pump light that might "leak" out of the 
pumping volume into the rest of the first fibre core. These extra gratings therefore 
25 increase the efficiency of the fibre lasers by ensuring the pump light is contained in the 
lasihg volume. 

Light emitted from the fibre lasers will propagate down the first fibre core. In a sensor 
system incorporating an optical fibre according to this invention this light can be detected . 
30 and analysed for perturbations affecting the optical fibre. For long length fibres it would 
be desirable to include means to amplify the fibre laser outputs. 

Amplification can conveniently be provided by incorporating additional gain regions into 
the first fibre core between the fibre lasers (Note: in the case where the fibre lasers have 
35 been enclosed by additional gratings as described above then the additional gain regions 
should be located outside of the enclosed regions of the fibre). These gain regions can. 
be formed by embedding reflection grating pairs in the first fibre core and optically 
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coupling, preferably by means of LPGs, light from the second core to the regions 
enclosed by these grating pairs. Light coupled from the second core will therefore excite 
the dopant in the gain regions of the fibre. Any light emitted from one of the fibre lasers 
that traverses such a section will then be optically amplified. 

5 

In order to ensure that the fibre lasers receive as much pump light as possible it is 
convenient to use different wavelengths of light to pump the lasers and to excite the 
additional gain regions. For example, in the instance where erbium is used as the dopant 
light of wavelength 980nm or 1480nm can be used to pump the laser. Therefore the 

10 optical fibre can be constructed such that light of both wavelengths is introduced into the 
second fibre core. A first set of LPGs can then couple one wavelength to the lasers and a 
second set of LPGs can couple light of the other wavelength to the additional gain 
regions. For this example it has been found that 1480nm light provides more efficient 
pumping resulting in less temperature gradient effects thereby maximising laser 

15 efficiency. Note: often the term UXXnm is used by the skilled man as the pump 
wavelength around 1480nm can vary, e.g. 1460-1480nm. These variations also provide 
more efficient pumping than 980nm and so it should be appreciated that the term 
"1480nm" should be taken to include these wavelength variations. 

20 A further embodiment to the invention is to include a third fibre core within the optical 
fibre which is optically coupled to the output of the fibre lasers and separated from the 
first and second fibre cores by cladding material of the optical fibre. This arrangement 
helps to reduce the level of cross talk between fibre laser sensors within the array. 

25 The optical fibre can also be tapered along its length. As the amount of taper increases 
the fibre cores become physically closer thereby providing gradually more pump power 
to devices further down the array. This increases the amount of optical coupling between 
the cores and increases the efficiency of the system. Tapering can be achieved by 
stretching the fibre and this approach provides a method of tuning the operating 

30 wavelength of successive fibre lasers along the optical fibre. This method can reduce 
fabrication costs since each fibre laser device could conceivably be written identically 
before stretching the fibre. 

Embodiments of the invention are described below by way of example only and in 
35 reference to the accompanying drawings in which: 

Figure 1 shows an example of a known fibre laser based sensor system 
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Figures 2, 3, 4 and 5 shows optical fibres according to the invention 

Figure 6 shows an optical fibre according to the invention including signal amplification 

means 

Figure 7 shows a plot of signal gain versus wavelength for the dopant erbium. 
5 Note: in Figures 2-6 like features are denoted by like numerals. 

Turning to Figure 1 a fibre laser array 1 comprises an optical fibre 2 having a plurality of 
fibre lasers 3a, 3b ...3n each laser having a pair of Bragg gratings 4, 5 embedded in a 
doped section of optical fibre 6. A pump source 7 supplies pump light 8 to each of the 
10 lasers. The grating spacings of each laser is slightly different resulting in output laser 
light of slightly different wavelengths A 1( A 2 , A n . 

The Bragg gratings are written into the optical fibre by known means. See for example 
US 47251 1 0 and US 4807950. 

15 

In use the signal radiation from each of the lasers 3 is coupled to a spectrum analyser 
(not shown) for analysis thereby forming a sensor array. This arrangement has the 
drawbacks described above, namely an uneven distribution of the pump source 7 across 
the lasers 3 and the disadvantages associated with splicing the lasers 3 into the optical 
20 fibre 2. 

Figure 2 shows a section of an optical fibre 10 according to the present invention. A first 
optical fibre core 12 has a plurality lasers 14a, 14b, 14c embedded therein. Each laser 
comprises a pair of Bragg gratings 16a,18a; 16b,18b; 16c,18c which define a lasing 
25 volume 20. The fibre core 1 2 is doped along its entire length. 

A second fibre core 22 serves to supply pump light 24 from the pump source which is 
then optically coupled to the first fibre core 12. Pump light 24 is supplied to each of the 
lasers 14a, 14b, 14c in the first fibre core 12. The two fibre cores 12, 22 are held within a 
30 cladding structure 26. 

The two fibre cores 12, 22 are optically coupled by long period gratings (LPGs) 28 written 
into the pump fibre core 22 in the vicinity of the lasers 14 in the first fibre core 12. The: 
LPGs 28 allow the amount and wavelength of light coupled 24 into the first fibre core 12 
35 to be controlled. 
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Figure 2a shows a cross sectional view of Figure 2 and shows the relative locations of 
the doped fibre core 12 and pump fibre core 22 within the cladding structure 26. 

Figure 3 shows an alternative means by which the two fibre cores 12, 22 within the 
5 cladding structure 26 can be optically coupled. In Figure 3 the whole structure is tapered 
in the region of each laser 1 4. 

Figure 4 shows a still further embodiment of the optical fibre whereby the cladding 
structure 26 is progressively tapered along its entire length in such a way as to bring the 
10 two fibre cores 12, 22 closer together. The pump source (not shown) is located at the 
wider end of the structure and the tapered nature of the construction means that a higher 
proportion of the available pump light 24 is coupled into the doped fibre core 12 the 
further away a laser 14 is from the actual pump source. This has the effect of improving 
the coupling of radiation along the fibre. . 

15 

Figure 5 shows an arrangement in which a third fibre core 30 is optically coupled to the 
doped fibre core 12 in order to provide a conduit in use for the output signals 32a, 32b, 
32c from each laser 14a, 14b, 14c. This arrangement will reduce cross talk within the 
device and make it easier to analyse the output signals at the ends of the fibre. 

20 

Figure 6 shows an optical fibre design in which additional Bragg gratings 34, 36 are 
incorporated into the doped fibre core 12. In this design lasers 14 are written into the 
doped core 12 as before. Additional Bragg gratings 34, 36 are incorporated in the fibre 
core 12 between the lasers 14 to form an additional gain region 38. LPGs 28, 40 couple 
25 radiation at 1480nm into the lasers 14 and also radiation at 980nm into the gain region 
38. As shown in this figure, light A emitted by laser 14b passes through the gain region 
38 and is effectively amplified, A'. 

In order to maximise the efficiency of the optical fibre the light that is coupled into the 
30 gain region 38 is of a different wavelength to the light coupled into the lasers. In the case 
of an erbium doped fibre pump light of wavelengths 980nm and 1480nm is capable of 
exciting the dopant to cause lasing action. 

In Figure 6 LPGs sensitive to radiation of wavelength 1480nm, 28, couple light to the 
35 lasers 14. Further LPGs 40 sensitive to radiation of wavelength 980nm couple light into 
the gain region 38. The Bragg gratings 34, 36 in the lasers reflect radiation of wavelength 
1 480nm and the Bragg gratings within the gain region reflect light of 980nm. 
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Light emitted by the lasers is in the region of 1 540-1 560nm. As shown in Figure 7 light 
in this wavelength range will be amplified as it passes through the gain region thereby 
improving the efficiency of the optical fibre. 

5 In order to maximise efficiency still further additional Bragg gratings 42a, 42b; 44a, 44b 
which restrict propagation of light of wavelength 1480nm are incorporated into the doped 
fibre core 12 between the lasers 14 and the gain region 38. This ensures that as much 
1480nm radiation as possible is contained within the lasing volume of the lasers. 
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CLAIMS 

1 . An optical fibre comprising 

a first fibre core, the core being doped and having at least one fibre laser, the at least 
5 one laser comprising a pair of reflection gratings embedded in the first fibre core to form 
a lasing volume 

and a second undoped fibre core separated from the first fibre core by cladding material 

of the optical fibre 

wherein 

10 the second fibre core is optically coupled to the lasing volume of each of the at least one 
fibre laser in the first fibre core. 

2. An optical fibre comprising 

a first fibre core, the core being doped and having at least one fibre laser, the at least 
15 one laser comprising a pair of reflection gratings embedded in the first fibre core to form 
a lasing volume 

and a second undoped fibre core separated from the first fibre core by cladding material 

of the optical fibre 

wherein 

20 the second fibre core is optically coupled to the lasing volume of each of the at least one 
fibre laser in the first fibre core such that in use pump light from a pump source can 
propagate down the second fibre core and be coupled into the at least one fibre laser. 

3. An optical fibre as claimed in claim 2 wherein each of the at least one laser is 

25 enclosed by an additional pair of reflection gratings arranged in use to reflect pump light 

propagating from the lasing volume of each of the at least one fibre laser in the first fibre 
core. 

4. An optical fibre as claimed in any of claims 1 to 3 wherein the second fibre is optically 
30 coupled to the first fibre by one or more long period gratings. 

5. An optical fibre as claimed in claim 2 wherein 

a) the first fibre core contains a plurality of fibre lasers spaced in series along the length 
of the core and 

35 b) additional pairs of reflection gratings are located between some or all of the plurality 
of fibre lasers, and 
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c) the second fibre core is additionally optically coupled to the regions bounded by 
each of the additional pairs of reflection gratings. 

6. An optical fibre as claimed in claim 5 wherein a first set of long period gratings 
5 optically couples the second fibre core to the lasing volume of each fibre laser and a 
second set of long period gratings optically couples the second fibre core to the regions 
bounded by the additional reflection gratings, the first and second sets of long period 
gratings being arranged in use to couple different wavelengths of light. 

10 7. An optical fibre as claimed in claim 2 wherein 

a) the first fibre core contains a plurality of fibre lasers spaced in series along the 
length of the core and 

b) each laser is enclosed by a pair of reflection gratings arranged in use to 
reflect pump light propagating from the lasing volume of each fibre laser back 

15 into the lasing volume, and 

c) additional pairs of reflection gratings are located between some or all of the 
enclosed fibre lasers and 

d) the second fibre core is additionally optically coupled to the regions bounded 
by each of the additional pairs of reflection gratings. 

20 

8. An optical fibre as claimed in claims 7 wherein a first set of long period gratings, 
optically couples the second fibre core to the lasing volume of each fibre laser and a 
second set of long period gratings optically couples the second fibre core to the regions 
bounded by the additional reflection gratings, the first and second sets of long period 

25 gratings being arranged in use to couple different wavelengths of light. 

9. An optical fibre as claimed in claims 1 or 2 wherein the optical fibre is tapered along its 
length. 



30 



35 



10. An optical fibre as claimed in any preceding claim wherein the optical fibre comprises 
a further third fibre core, the third fibre core being optically coupled to the at least one 
laser of the first fibre core and separated from the first and second fibre cores by: 
cladding material of the optical fibre. 

1 1 . A sensor system characterised by an optical fibre according to any preceding claim. ' 
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12. A sensor system comprising an optical fibre according to any of claims 1 - 10, a 
pump source operably connected to the second fibre core of the optical fibre and 
detection means arranged to detect and analyse light emitted from the optical fibre. 
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